Abstract The purpose of this investigation was to evaluate the epidemiology of hypervirulent Clostridium difficile ribotypes from
Introduction
Clostridium difficile is the leading cause of healthcareassociated diarrhoea in developed countries, representing a great clinical and economical burden [1] . This infection usually occurs in elderly patients with co-morbidities in whom the gut microbiota has been disrupted by a previous antibiotic therapy [2] . Over the past decade, the hypervirulent fluoroquinolone-resistant polymerase chain reaction (PCR) ribotype NAP1/027 C. difficile (RT027), associated with an increased severity and mortality, emerged worldwide [3] . From January 2013 to October 2014, an RT027 outbreak occurred in the Marseille area, southeastern France [4, 5] . In total, 19 different healthcare facilities reported 112 RT027 infections, with a mortality rate of 31.2%. Successful interventions included the monitoring of the regional RT027 burden and the cohorting of RT027-positive patients in a specialised infectious diseases ward. In addition, an optimised management including faecal microbiota transplantation (FMT) led to a significant reduction of mortality [6] .
However, other hypervirulent C. difficile ribotypes (RT), including RT017, RT078 and RT244, have also emerged recently [3, 7] , and some studies reported an increase in community-associated cases caused by these RTs, affecting younger patients [8, 9] . In France, data from the National Reference Laboratory for C. difficile indicate that toxinotype V/ribotype 078 significantly increased (3.25% vs. 11.1%) in northern France from 2006 to 2007 (comparison period: July to December) [10] . In the present study, we retrospectively sequenced the tcdC gene for genotyping 278 C. difficile strains collected in our laboratory during the RT027 outbreak that developed from January 2013 to December 2014 in the Marseille area. The aim was to retrospectively evaluate whether more than one hypervirulent ribotype circulated during this outbreak. In a second aim, we prospectively and specifically searched in 2016 the most common hypervirulent RTs (i.e. RT027 and RT078) in all patients diagnosed with C. difficile infection (CDI) in Marseille university hospitals.
Materials and methods

Definitions
Patients were considered to have CDI if they had diarrhoea (≥3 unformed stools per 24 h) and a stool sample positive for C. difficile toxin by laboratory assay. Severe CDI was defined if at least one of the following signs was present in the absence of another explanation: white blood count (WBC) >15 × 10 9 / L; fever (core body temperature >38.5°C); colectomy; ileus; megacolon; peritonitis; septic shock requiring intensive care unit (ICU) admission; serum creatinine concentration >50% above the baseline; serum albumin concentration <30 g/L; death. Community-associated CDI was defined as a case that either had a diagnosis of CDI in the outpatient setting with no history of hospital discharge in the 12 weeks before diagnosis, or a primary diagnosis upon hospital admission and no history of hospital discharge in the 12 weeks before diagnosis.
Patients not fulfilling these criteria were diagnosed as having healthcare-associated CDI. An outbreak in a healthcare facility was defined as the occurrence of ≥2 epidemiologically linked cases within one week. Mortality was considered to be attributable to CDI when a patient died of the consequences of CDI during hospitalisation.
Detection and genotyping of C. difficile isolates
Of the 614 stool specimens from patients with CDI diagnosed from January 2013 to December 2014 using the Xpert C. difficile Epi PCR assay (Cepheid, la Serre, France) in the two point-of-care routine laboratories located in the Timone and North university hospitals in Marseille [11] , we retrospectively studied the 278 (45.2%) samples for which at least 20 μL of DNA remained. The Xpert C. difficile Epi assay detects the genes encoding toxin B (tcdB) and the binary toxin (cdt), as well as the tcdC gene deletion at nt117, allowing to detect PCR ribotype 027 C. difficile strains [12] . We also amplified by PCR and sequenced a fragment of the tcdC gene coding for a protein regulating the C. difficile toxin secretion, as previously described [13] . This fragment has the advantage of being variable according to the ribotype. For example, in addition to the above-described 18-base-pair deletion at position 117, RT027 has a mutation at the same position, while the tcdC variant tV078 has a 39-base-pair deletion and a mutation at position 184 (C instead of T).
In a second aim, from January to January 2017 (inclusive), all stool specimens positive for C. difficile in Marseille public hospitals were systematically tested using the same method in order to differentiate RT027 and tV078 from other C. difficile ribotypes.
Statistical analysis
PASW Statistics version 17.0 was used for the statistical analysis. Mean ± standard deviation was used to describe continuous variables. Percentages and numbers of events were used for quantitative variables. Student's t-test or the Mann-Whitney test, when appropriate, were used to perform two-group comparisons for quantitative variables. The Chi-squared test or Fisher's exact test, when appropriate, were used for qualitative variables. A significance threshold of 0.05 was adopted for all of the statistical analyses.
Results
We first tested retrospectively 278 C. difficile samples isolated from symptomatic patients with CDI from January 2013 to December 2014 and observed a high prevalence of isolates with tcdC mutations and deletions previously described in both hypervirulent ribotypes RT027 and RT078 (16.4% and 10.7%, respectively). We highlighted the co-circulation of these two hypervirulent C. difficile tcdC variants (tV) with distinct epidemiological characteristics. Indeed, the in-hospital mortality rates of infections caused by tV078 and RT027 during the study period were 23% (7/30) and 39% (18/46), respectively (p = 0.16). Compared with patients with RT027, patients with CDI due to tV078 were younger (69.8 years ± 18.1 vs. 82.3 years ± 12.3; p < 0.001) and more frequently had community-associated CDI (9/30 vs. 3/46; p = 0.03). Using the European Centre for Disease Prevention and Control (ECDC) criteria, 58% of tV078 patients and 70% of RT027 patients met the definition of severe disease (17/30 vs. 32/46; p = 0.26). Patients with RT027 CDI were more likely to receive vancomycin than metronidazole, in line with treatment recommendations favouring oral vancomycin for severe CDI [14] . Among the 30 patients with tV078 CDI, 15 were treated with vancomycin and 11 with metronidazole, three were initially started on metronidazole and then switched to vancomycin, and one received FMT. Two cases required ICU admission.
Compared with patients with CDI due to ribotypes other than tV078 and RT027, patients with CDI due to tV078 had a higher in-hospital mortality rate [23% (7/ From January 2016 to February 2017, among all positive C. difficile strains detected in the laboratory, we identified 10 (1.2%) RT027, 67 (7.7%) tV078 and 788 (91.1%) other ribotypes (Fig. 1) . During the second half of 2016 (from July to December), we observed a significant increase in the rate of tV078 when compared to all C. difficile-positive samples [39/342 (11.4%) vs. 10/416 (2.4%); p < 0.0001]. In 2016, no healthcare-associated outbreaks caused by this hypervirulent ribotype have been notified in the hospitals of the Marseille area.
Discussion
In the present study, we observed that both hypervirulent ribotypes RT027 and tV078 co-circulated from January 2013 to December 2014 in the Marseille area.
Although CDI has been considered a hospital-acquired disease mainly transmitted by symptomatic patients, recent studies have indicated the existence of other sources of C. difficile, showing that some CDI cases cannot be linked to a previous case of CDI [15, 16] . Indeed, C. difficile is ubiquitous in the environment, and most RTs are shared among humans, animals and the environment [17] . In particular, RT078, a recently described genotype that was demonstrated to be associated with an increased morbidity and mortality and to occur in younger patients than RT027, has been detected in farm animals, especially pigs, with human and animal strains being genetically related [18] . In this study, we showed a cocirculation of two hypervirulent RTs with distinct epidemiological characteristics. While an RT027 outbreak occurred mainly as healthcare-associated infection in elderly patients, the most probable source being a single long-term care facility [5] , CDI caused by tV078 occurred mainly in a younger population as community-associated infection.
On the basis of these preliminary findings, we performed, from January 2016, a systematic survey of C. difficile tV078 and RT027, which revealed the emergence of CDI caused by the former ribotype, currently representing the most prevalent encountered hypervirulent ribotype in the Marseille area. Access to C. difficile ribotyping is crucial to detect and control CDI outbreaks according to the strains' ribotype specificities [19] , hypervirulent CD ribotypes requiring optimised management and rigorous infection control measures. As we have developed specific control measures for RT027-infected patients, including cohorting in a specialised infectious diseases ward and systematic FMT, resulting in a significantly decreased mortality [6] , the identification of other cocirculating hypervirulent C. difficile clones requiring a similar management highlights the need to prospectively and systematically detect these clones.
We acknowledge that this study has some limitations. First, the number of samples tested is low and only stools for which sufficient DNA quantity remained for genotyping procedures were analysed. Second, detailed clinical characteristics and antimicrobial susceptibility testing were not assessed. Third, the methodology used in this study allowed us to distinguish only the C. difficile isolates with tcdC deletions and mutations previously found in ribotypes RT027 and RT078. Moreover, as mentioned before, other hypervirulent ribotypes such as RT017 or RT244 have recently been described. We intend, in a further study, to analyse, by multi-locus sequence typing (MLST), all of our C. difficile strains in order to better distinguish all the known PCR ribotypes.
Conclusion
This is the first report of the emergence of Clostridium difficile infection (CDI) caused by the tcdC variant tV078 in Fig. 1 Evolution of the number of samples positive for Clostridium difficile ribotype (RT) 027, tcdC variant (tV) 078 and other RTs from January 2016 to February 2017 in Marseille, France southeastern France. The emergence of so-called hypervirulent C. difficile types has intensified the challenge of CDI epidemiology. The present study provides a comprehensive view of the current paradigm of CDI, revealing the simultaneous circulation and sequential spread of hypervirulent ribotypes. This emphasises the need for an efficient surveillance system for CDI with ribotyping and an optimised management of CDI caused by hypervirulent strains.
